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ABSTRACT

The enrichment of the isotopes of uranium has been successfully accomplish-
ed using chemical exchange reactions. Two such reactions have been utilized: the
first involves a two phase liquid-liquid system in which a chloroform solution
of an organic complex of uranium is contacted with an aqueous solution of tetra-
valent uranium ions, after the system has reached isotopic equilibrium, the
phases are separated and the uranium recovered: the second is a single phase
system, in water, wherein the separation of uranium is accomplished by an
exchange reaction involving the exchange of uranium between U*4 and U02+2 ionic

species.

The separation effects obtained from these two reactions (each has a factor
of about 1.001) are dissappointingly low when considered from the possibility
of adaptation to large scale processing, but the most significant feature of the
work presented is the fact that measurable separation of the isotopes has been
attained.

Extensive efforts were made to utilize the liquid-liquid system in contin-
uous column operation. These efforts were unsuccessful primarily because of the
fact that the organic complexing agent, cupferron, was subject to oxidation, and
the oxidation products prevented the smooth operation of the column.

Considerable effort was made to find a more satisfactory organic compound
which would be suitable for complexing the uranium and still not have the
disadvantages associated with cupferron. Complete success was not attained,
although the list of materials tested was large.

Future work designed to increase this separation effect is outlined.
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SECRER . »

INTRODUCTION

The chemical separation of isotopes has been applied successfully to a
number of elements (1)* of relatively low atomic. weight such as sulfur, carbon,
nitrogen, and oxygen. Urey, who developed the theory and originated the method,
has pointed out that chemical separation methods depend essentially upon the
quantum characteristics of molecular substances (2)*. With increasing atomic
weight the differences in chemical properties between isotopes or compounds of
isotopes become less and less, which leads to less efficient separation by the
chemical exchange process. Indeed, it has been stated by saome that the method
ceases to be very attractive for elements of atomic weight much above 40.

The single process separation factor which is related to the equilibrium
constant in an exchange reaction usually has a value in the range of 1.01 to
1.110 and higher for the reactions involving the light elements mentioned above.
With sufficient molecular spectroscopic data available these factors can be
calculated with considerable accuracy as demonstrated by Urey and others (3).*
By these methods the factors for reactions invelving heavy isotopes can be shown
to be dissappointingly close to unity.

These separation factors or equilibrium constants are calculated by- the use
of the values for the masses of the isotopes and the values of the vibrational
frequencies of the molecules involved in the exchange. The latter are dependent
in some measure upon the bonding energy between the atoms which in turn can be
traced to the energy states of the outer electrons. The energy states of the
outer electrons in the uranium isotopes are known to have greater differences
than are ordinarily found in isotopic atoms as is evidenced by the unusually
large isotopic shifts in the emission spectrum reported by Burkhart (4)*.
Although highly problematical, it is conceivable that these unusually large
differences might lead to a larger shift in equilibrium constant than expected
in uranium isotope exchange reactions.

Even though this may not occur, it has been shown that uranium isotopes canr) A
be successfully separated by a gaseous diffusion process which utilizes a single iij)j‘
stage factor as low as 1.004. Futhermore, as has been pointed out by Benedict, \Qpcff
(5)* the gaseous diffusion process is considerably less efficient thermodynami- )
cally than is chemical exchange and requires application of energy at each stage '

of the process. In contrast a multitude of stages in the chemical exchange '
process can be achieved in a single packed tower or column with reflux at each

end. With these advantages it seems not improbable that a chemical exchange -
process with a factor even lower than 1.004 might be successful.

An isotopic exchange reaction between some gas and ionic form of an element
in solution apparently makes the most desireable system. Uranium presents no
obvious practical system in which a gaseous compound of uranium may be exchanged
with an ionic form in solution, so attention in this work was directed at liquid-
liquid systems.

In the early survey work on separation methods within the Manhatten Project,
some work was done on chemical methods (6)*. In those systems under study in,
which one phase consisted of aqueous solution, the uranium species was usually
if not always the uranyl ion. Examinations of the principles and methods of cal-
culating exchange equilibria make it evident, as noted by Bigeleisen and Mayer,
(3)* that the largest factor is to be obtained by equilibrating one molecule of
many bonds and high frequencies of vibration in one phase with a molecule

* Numerals in ( ) refer to references listed in bibliography.
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(or atom) of few (or no) bonds and low (or no) frequencies of vibration in the
other phase. It would seem that uranyl ion which was used in these early experi-
ments would be a poor choice for this latter species since it is known to exist
(in.1N to .65N acid) with two oxygens attached with bonds believed to have cova-
lent character (7). It would seem that the uranous ion would be a better choice
for the simple species which is to be equilibrated with a complex molecule with
many strong bonds and high frequencies of vibration if one disregards the waters
of hydration of the uranous ion. (That this may be unjustifiable will become
evident later in this discussion.)

With this in mind, a system composed of an aqueous layer containing uranous
ions in contact with a chloroform layer containing uranous cupferride complex
was studied. In this system a simple ion is equilibrated with a complex molecule
in which the tetravalent uranium is conceivably surrounded by eight oxygens;
this should give a considerable isotopic effect. The experimental results pre-
sented later demonstrate this effect but make it difficult to calculate a single
process separation factor. It appears to be in the proximity of 1.001. An unsuc-
cessful effort was made by Twichell and others to achieve a sizeable enrichment
by the use of this system in column operations., This work is described in a
separate report (8). In practically all the work involving cupferron, difficul-
ties have arisen due to the instability of this compound.

A search for a more ideal complexing agent for tetravalent uranium has been
underway as part of this program. A resume of this work appears herewith as
Section 3. A more complete report (15) of the work on these complexing agents
(without reference to isotope separation) is being prepared for more general
distribution.

Molecular spectroscopic data for uranyl ion (7,9) allow a calculation to be
made for the exchange of uranium between this state and the tetravalent state,
1f we assume the latter to be unbonded other than with weak dipole bonds in
solution. Thus, using either the short method or the longer method of Bigileisen
and Mayer (3) (see Appendix A), we obtain k = 1.001 for the reaction.

238 +4 235 +2 235 +4 238 + 2
—_—
+ UO2 —— U + UO2
Farlier work (10) by the present authors demonstrated that under certain con-
ditions of acidity and temperature this exchange will take place. A more com-
plete report (11) on the study of conditions for exchange is now being issued.
Other workers have since reported similar observations (12).

., It seemed that a series of single stage "batch separations" based on the
U02’~ -y exchange reaction would provide an interesting check on the accuracy
of the calculated equilibrium constant. The experimental details of this work
are presented later. The results appear to be of somewhat greater accuracy than
those from the cupferron experiments but they demonstrate a shift in the equili-
brium in the opposite direction to that predicted with a value for the equili-
brium constant of about 1.0012, Thus if present theories are to be accepted, we
must conclude that uranous ion has either more atoms bonded to it than U02+2 or
that those bonds which it does possess are much stronger than those in the
uranyl i1on. Either conclusion is somewhat difficult to accept. A spectroscopic
investigation of aqueous tetravalent uranium is now underway in an atwtempt to

observe Raman shifts. The extreme absorption of U'4 ion makes this somewhat
difficult,

\ R L . uh O 18
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It is evident, of course, that the uranous-uranyl exchange reaction with
both ions present in the aqueous phase could not be used in any continuous col-
umn operating process for separating isotopes. However, the fact that the U235
shift is to the UO2+2 form seems to provide an attractive possibility. Consider
the following equilibria:

U(Complex)4 — u™ — UOf

The U235 tends to go to the right in both equilibria and with a system involving
all three species we should achieve an exchange between U(Complex)4 and UOg+2 in
two phases with an equilibrium constant which is the product of the two separate
equilibrium constants. This should be approximately 1.0022 in magnitude. The
maximum value for this double exchange would be approached most closely in
actual use when the ratio of U02+2 to Ut4 is greatest in the aqueous phase, Un-
fortunately this is also the condition which makes the rather slow U+4 — U09*2
exchange even slower. Studies are under way now to find a means of catalyzing
this exchange reaction.

Evaluation of this work at this time seems difficult, However, the labora-
tory work and the column studies by Twichell (Section 2) have provided some
small basis for making some very preliminary calculations on cost of construc-
tion and operation of a chemical exchange plant. Such calculations have been
made by John Shacter and others in the K-25 theoretical analysis department
under Dr. George Garrett which indicate that a single stage separation factor as
low as 1.001 would lead to prohibitive cost. Other important factors leading to
high cost were the low concentrations of uranium in the solutions used, and the
length of a theoretical stage (three feet) estimated from the column studies.
With increased concentrations and other improvements it seems possible that a
factor approaching 1.003 might lead to an economical process if the complexing
agent and all solvents could be recycled efficiently,

Further laboratory work will be aimed at establishing definitely whether or
not there 1s any real possibility of achieving a factor as high as 1.003.
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EXPERIMENTAL ‘ '#

Separation of Uranium Isotopes by the U** €—=— Uranous Cupferride Exchange.

The greater part of the experimental work carried out to date makes use of
the cupferron complex of uranium. It is a typical inner complex and may be pic-
tured as an equilibrium between two tautomeric forms.

[ o — e Ko}
N-—N ——N =N
Il — |
Q\ 0 0O O
./
Y, Y
4 __j 4

As is true in other cases of inner complex organo-metallic compounds, uranous
cupferride is insoluble in water but soluble in non-polar organic solvents. This
makes possible a two phase system in which uranium may exchange between its cup-
ferron complex in an organic solvent such as chloroform and the ionic form (U+4)
in aqueous solution.

The first point checked was to determine if the uranium does exchange
between its ion and cupferron complex. By means of tracer technique, it was
found that exchange does take place. The details of this experiment are treated
in Appendix B. Suffice to say at this point, the rate of exchange was fast
enough for our purpose.

The first batchwise run (13) was carried out by dissolving about 800 grams
of UCl, in IN HCl to give a 3% uranium solution. Sufficient cupferron was then
added (2.5 Moles. Cup./Mole U) to cause a 50% extraction of the U*% into a
volume of chloroform equal to that of the aqueous solution. The two phase system
was thoroughly agitated for fifteen minutes. This allowed time for the isotopic
reaction to reach equilibrium.

238 +4 235 +4

235 > 238

According to theory the lighter isotope favors the ionic, U%4, state and
should concentrate in the aqueous phase. The separation produced would be equal
to one simple process factor often designated by a.

U 338 in aqueous phase

U23§8 in organic phase

% U235 in the uranium of the aqueous phase

a = (approx.)
% U235 in the uranium of the organic phase

Since assay methods were not reliable enough to detect the single separa-
tion factor more than one stage was carried out.

This was done by recovering the uranium from the aqueous phase, reducing to
the UT4 state over zinc in dilute HCl and repeating the cycle previously des-
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cribed. After carrying out eight such stages the final sample was submitted for
assay. Results on the starting material and product indicated an increase from
.7060% U235, the starting material, to .7093%, the product. This enrichment in
eight stages corresponds to a simple process factor of 1.0011. This series was
reported in detail in Y-41 (13).

This factor was encouraging in view of the fact that experimental diffi-
culties were encountered in the process. The most serious difficulty was that of
the decomgosition of cupferron causing objectionable tarry products, oxidation
of some U™ to U02+2, etc. Another disadvantage was the presence of zinc in the
aqueous phase. It was necessary to perform a chemical separation to get rid of
the zinc in the final stages.

It was felt that if another run was carried out, minimizing or eliminating
the above difficulties, a still better separatien factor might be obtained. To
minimize decomposition the change was made in the procedure of cooling the
system down to 5°-10°C. Instead of using zinc to reduce the uranium it was prep-
ared as UC14 after each stage by the hexachloropropene reaction (14). A flow
diagram for one stage is shown in Fig. 1, and results shown in Table 1.

The increase in U239 concentration from .705% to .708% gives a separation
factor of 1.0010 per stage. This is in fair agreement with that of the previous
run; it did not show as high an alpha factor as had been hoped.

Although the results of the runs are in reasonable agreement and would see-
mingly establish a = 1.001, an objé%tion may be made in the case of either run:
this 1s the possibility of contamination. Both enrichment runs were carried out
in laboratories in which small amounts of uranium well above normal in U con-
centration had been handled in the course of various special experiments. Even
though all reasonable precautions were taken to avoid contaminating the samples,
the chance that this could happen is admittedly real, though rather remote.

Two ways were suggested in which a run might be carried out in order to
minimize the objection to contamination. First, a run could be carried out using
uramium containing about 10% U235 which would thus mitigate the effect of any
chance contamination. Second, a run following the uranium in the organic phase
could be recycled; this would produce slightly depleted material if a separation
effect exists. i

The second approach was decided as being the more satisfactory although it
is still subject to the objection that chance contamination could nullify or
effectively reduce the depletion effect.

Two "depletion" runs were carried out, and the results appear in Tables 2
and 3 respectively.

The separation factors computed from the depletion runs are both less than
those obtained from the enrichment runs. This cannot be accounted for readily
unless one assumes chance contamination nullifying the separation effect.

Possibly the most significant conclusion which may be derived from the for-
going runs is that there is evidence of a separation of the isotopes-admittedly
quite small however.

Because of the instability of cupferron its use has been abandoned in these
runs. Other organic complexing agents are being investigated. A brief discussion
of this work is found in Section 3. If any suitable complexing agent is found,
batch runs similar to the cupferron runs will be made to determine the amount of
isotope separation.
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FIGURE 1

Flow Diagram of One Stage

of the Ut4 - U(CgHgNy0y) Process

U0g

Chlorination e———HCP

ucl,
~<—]N HCL
Cool to 4°C
-— Cupferron
- Chloroform
" Agitate 15 min.
50% U 50% U
l |
CHCl1, Aqueous
IN HNOg————= <—NH,OH
. | i
Agitate 1 hr. Discard U(OH)4
|
|
CHC14 Aqu!ous 4———-HN03
Discard or recover U02+2 Adjust pH 2.0
-«——8+—H,0
272 Discard vo, 21,0
i Ll °
+—A350°C o3
UOg Next 'stage
(enrichment)
Next stage
(depletion)
% g 5
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Table 1 sums up the run using the lower temperature

and hexachloropropene reduction.
AY

TABLE 1
Enrichment Run Based on U'4 U(C HcN50O,), Exchange
« U(CgHgNy09) 4 :

(Low temperature, H. C. P. Reduction)

Total Vc?l. ml. HCL in Uranium Cupferron Temperature Assay of
Stage Aqueous in Added to of Sample Ave.
AQ G{CL3 ml. Aqueous g Aqueous g Extraction g U235
Start _ _ _ _ . _ 70592
1 26,700 26,700 2,200 800 1,300 10°C -
2 26,700 | 26,700 2,200 400 488 10°C .7052
3 10,000 | 10,000 833 200 244 6°C .7070 -
4 2,900 2,900 241 85 114 4°C .7077
5 1,367 1,367 114 42 47 9°C .7082
6 673 673 56 21.2 23 9°C .7083
7 337 337 28 10 11.6 9°C -
8 169 169 o 14 5 5.8 9°C .7064
9 85 85 7 2.5 3.0 9°C .7081
\ \




TABLE 2

Depletion Run (#3) using U+4< U(C6H5N202)4

(HCP Reduction-Low Temperature)

Total Vols ML HCl(conc) 1 Uranium Cupferron Temp. Assay of
Stage in in Aqueous | Added to of Sample %
Aq. CHC13 Aqueous Before Ext. | Aqueous System U 235 Ave.
Start - - - _ - 59_19°C _
1 | 26,7001{26,700 | 2,200 400 - 5°-10°C | .7067
2 6,600 6,600 550 198 258 5°-10°C -
3 1,600{ 1,600 133 47.8 94 59-10°C .7061
4 1,083 1,083 90 32.5 60 5°-10°C .7070
5 593 593 49 17.8 33 5°-10°C -
6 393 393 33 11.3 20 5°-10°C -
7 201 201 17 6.0 10 5°-10°C -
.7042
8 103 103 9 3.1 5 5°-10°C 7042
' 7

o
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TABLE 3

Depletion Run (#4) using uts . U(C6H4N202)4 Exchange

(H.C.P. Reduction - Room Temperature)

Total Vols. ml. HC1 (conc) Uranium Cupferron Temperature Assay of
Stage AquI:ous Aqulenous Added of Sample %
Aq CHCl3 m.l Before Ext. to Aqueous Extraction U235 Ave.
Start - - - - - -
-7052
1 26,700 | 26,700 2,200 800 1,300 28°C 7052
2 10,900 | 10,900 833 328 535 28°C .7054
3 6,100 6,100 508 183 298 28°C .7055
4 3,200 | 3,200 266 96.5 156.7 28°C
5 1,580 | 1,580 132 47.4 . 17.6 28°C .7030
6 786 786 66 23.6 38.8 28°C
7 397 397 33.1 11.9 19.4 28°C
8 203 203 17.0 6.1 9.7 28°C
o .T045
9 103 103 8.6 3.1 5.0 28°C .7044
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Separation of Uranium Isotopes by The ytd - UO2+2 Exchange Reaction,

An 1nvest1gat10n carried out by this group on the exchange of Uranium
between UT4 and UO ions in dilute hydrochloric acid has been published 1in
other reports, The questlon arose whether a series of batch separations would
give a value for the equilibrium constant in agreement with the calculated value,
A simple form of the exchange is given by the equation:

235 +4 238 +2 238 +4 235 2
U + U0 prm— | + U0,

The rate of interchange of uranium isotopes depends on conditions of hydrogen
ion concentration and temperature, It is sufficient to note here that at room
temperature the exchange will take place within a pH range of 1.0 to 2.0.
Further discussion of this is found in Appendix C.

The following procedure was used for a stage in this process: A quantity of
uranium oxide (UO;) of known isotopic concentration (normal at the start of a
run) was divided into two equal portions. One of these was chlorinated to UC!
with hexachloropropene, the other was prepared as UO Cl O by dissolving
UOg in hydrochloric acid and evaporating to dryness on the iotp%ate

The two salts, UCl & U02C1 were then dissolved in a sufficient quantity
of water to give a 4% uranlum solution, i.e. 2% with respect to U4 and 2% U as
UO *2. The pH of the solution was checked at this point and usually it was 1.5
wh1ch is in the acid range where exchange takes place.

Sufficient time, one to two hours, was allowed for the system to come to
equilibrium. The exchange reaction was stopped at this point by the addition of
a sufficient quantity of hydrochloric acid to raise the normality to 3N. A five
percent excess over the theoretical amount of oxalic acid necessary to pre-
cipitate all U *4 jon was added and the solution stirred to aid in the formation
of an easily filtered uranous oxalate precipitate. The oxalate precipitate was
washed several times with dilute HCl containing oxalic acid, combining these
washings with the original filtrate. After this step the uranium was recovered
from either phase and processed to UOj at which point it is ready for the
succeeding stage.

‘

The flow sheet of these operations has been presented in Figure 2.

In the case of a depletion run the uranium from the oxalate precipitate 1is
recycled while an enrichment run is carried out by following the aqueous phase,
or uranyl ion,

The p0551b111ty that exchange of uranium could conceiveably take place
between UO,'2 ion and U(C2O ) was checked. No exchange was found under the
conditions described in the stage procedure. The details of this experiment are
found in Appendix D.

An enrichment run was carried out using the above procedure; results are
found in Table 4 and Fig. 3. Results of a depletion run are presented in Table §
and Figure 3.

A statistical treatment of the entire data is given in Appendix E.
A separation factor of about 1.0012 may be computed from either the enrich-

ment or depletion run. The good agreement makes this system quite attractive as
a basis for future work.

t ' 9 &“‘CRET Y

e R~ e b T s 5 % g 0 g - N p e v vt e e —— . ———r— ety T v m (RO




FIGURE 2

Flow Diagram of One Stage of

The U4 - UO2+2 Exchange Process

U03
50% U 50% U
HCP———= -~—— HC1
UCl4 Evaporate
U02Cﬁ2.H20
H20
Solution
2% U as Ut4
2% U as U02+2
pH 1.5

Stand 1-2 hrs.

-——HC1
= HyC,y0,
St%r
| Y
U(C204)2 U02
Wash NH4OH ——
Dly ] |
| Dlscarg (NH4)2U207
IgnTte (C904) HNO,
U30g
: = Hy09
HNO3 2
uo, . 2H,0 Discard
H202-—————’ 4 2
i 1 -——A350°C
uo, -2H,0 Discard
4 2
U03
-—A350°C
Next stage
UOS (enrichment)

Next stage
(depletion)
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TABLE 4

Enrichment Run Using U4 - vo,*2 Exchange (Following UO +2)
2 2

Total U i Time M1 Conc. Oxalic
orat T grams Total of | Temp. | HCl Add. | Acid Add.| A%s8Y °of
Stage Volume of pH Samples
+4 19 Syst M1) Stand o¢ at end of to PPT

As U As LD2 ystem ( (Min.) Exchange U+4 (8) % 235

0 - - - - - - - - .7052
28-

1 396 399 40,000 1.55 60 30 5,000 480 .7052
28-

2 198 198 20,000 1,68 60 30 2,500 239 .7058
28-

3 96 96 9,600 1.53 60 30 1,500 115 .7058
28-

4 " 47 46 4,600 1.55 60 30 750 57 L7071
28-

5 23 22.5 2,200 1.55 60 30 375 28 L7072
28-

6 10.8 10.8 1,080 1.56 60 30 180 13.1 .7090
28-

7 5.5 5.2 700 1.40 120 30 125 6.7 .7063
28-

8 3.5 3.5 350 1.49 90 30 60 4.2 .7086
28-

9 1.6 1.6 160 1.52 60 30 26 2.0 .7090




TABLE 5

Depletion Run Using U+t . U02+2 Exchange (Following u+t)

Total U in grams Total Vol. Time ML Conc. Assay

Stage of System pH of | Temp. HCl g Oxalic (ave)

As U+4 As U02+2 Ml St:aimd oc Added Acid Added % U235

(Min)

0 - - - - - - - - .7054
1 399 399 20,000 1.60 | 75 {28-30] 5,000 481 .7041
2 164 145 7,750 1.55 60 {28-30f 1,940 198 .7032
3 82 54 4,000 1.53 60 28-30( 1,350 100 .7038
4 47 32 1,975 1.55 70 28-30 650 60 .7029
5 22.4 18.4 1,018 1.51| 60 [28-30 350 30 .7031
6 12.8 10.9 593 1.55| 65 (28-30 200 16 L7027
7 5.6 4.8 308 1.57 70 28-30 100 8 .7015

8 2.7 2.4 "~ 153 1.58] 65 |28-30 50 4 -
9 1.6 1.5 78 1,51 75 28-30 25 2 .7016
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Accuracy of Method of Assay

Because of insufficient spectroscopic data no theoretical estimate of the
equilibrium constants and enrichment factors could be made for the systems used.
This places the significance of the results on the accuracy of the method of
assay.

All uranium assays were carried out on the samples (UFg) in a modified Nier
spectrometer. In order to obtain some indication of the accuracy of the assay,
control samples were submitted along with the experimental samples. The control
samples ranged in uranium concentration from .700% U235 to .710% U235 increasing
in .001% increments.

The preparation of the "enriched" control samgles was carried out by combin-
ing known amounts of enriched uranium (13.2% U23%) and normal (.7052% U235)
material in solution form. The uranium was then precipitated from the solution
and ignited to U30g. "Depleted" standards were prepared in an analogous manner
except that below normal (.05% U235) was used to dilute normal (.7052% U235)

material.

The assay results of these standards are given in Table 6 and Figure 4,
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TABLE 6

RESULTS OF ASSAYS

STANDARD AVERAGE RESULT OF ASSAYS %235
% 1235
.700 .7004
.701 .7006; .7033
.702 .7027; .7030; .7031
.703 .7052; .7033; .7034; .7028; .7036
.704 .7027; .7047; .7020; .7042
.705 .7051; .7053; .7052; .7053; .7044
.706 .7083; .7061; .7067; .7060
.707 .7057; .7070; .7066; .7078
.708 .7075; .7073; .7082; .7674; .7085
.709 .7095; .7094
.710 .7092; .7087
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CHEMICAL EXCHANGE COLUMN OPERATION USING THE SYSTEM

238 +4 235 ) 5
U + U (cupferride), _— 7~ TR Uz:m(cupferride)4

INTRODUCTION

Laboratory and theoretical work leading up to column operation was pre-
viously reported in project report Y-41, Batch experiments were carried out, and
a single stage separation factor of 1.0014 was reported. Since that time other
batch experiments have indicated that the value is more nearly 1.0010 or slight-
ly less. The factor being of a small magnitude made it impossible to attain any
sizeable enrichment by batch separation. Therefore, it was decided to attempt
column operation in order. to attain & larger number of stages and show a greater
enrichment, Thus, the limitations on accuracy of the mass spectrograph assay
would not appreciably affect the measurement of total enrichment as was the case
in batch separations.

Theory and experimental work showed that the U235 tended to build up in the
aqueous phase. Therefore it was proposed to feed the U** ion in aqueous solution
to the bottom of a packed column, convert it to U(cupferride)y in CHClg solution
at the top of the column, and send this organic solution down in countercurrent
contact with the rising aqueous phase. The column was to be operated in this
manner long enough to bring it to equilibrium at which time samples for assay
were to be taken from the top (enriched end) of the system. Equilibrium time
calculations were made using general formulas derived by H.C. Urey for chemical
exchange systems. An example of such a calculation for this system is given in
report Y-41.

Is SESRET




- .
LS Laadiae kg

-
0.~

- 1 4



SN it
.

EXPERIMENTAL METHODS

Original Apparatus

The apparatus for the first series of runs consisted of a glass column
thirty feet in leugth and one centimeter inside diameter. It was packed with
3/16-inch pyrex helices and covered with 3-inch cork insulation. Auxiliary
equipment included a 15-gallon, glass lined feed tank, small glass receiving and
head tanks, rotameters, and a water cooler.

Procedure Used for First Runs

The aqueous UCly solution (1.5% U, 1.5 N HCl) was discharged from the feed
tank by N9 pressure, metered at ;0 c.c. per minute, pre-cooled to 10°C., and fed
into the bottom of the column as the continuous phase. Upon reaching the top of
the column, the aqueous solution was collected in a cooled receiver tank, peri-
odically drawn off, and hand extracted with CHCl3 and an excess cupferron. The
CHCl3 layer was then placed in a cooled head tank and metered into the top of
the column at 10 c.c. per minute. This organic solution was continuously drawn
off the bottom of the column and stored. All solutions were kept cold and under
a nitrogen atmosphere to avoid decomposition of U(cupferride)4 and oxidiation of

Uu+4,

Two runs of this type were made, and both had to be terminated because of
decomposition in the organic phase. The longest run was of 24-hours duration.
During this time operation was not satisfactory in that periods of flooding and
channeling took place. Assay results showed a feed concentration of 0.7062% y23s5
and a product concentration of 0.7074%. This was not considered a significant
increase. The difficulties encountered indicated that considerable development
work was yet necessary before more column runs could be made.

Laboratory Studies to Develop Improved Conditions of Column Operation

Automatic Reflux. Considerable work was done to develop a device to auto-
matically convert Ut4 aqueous solution to U(cupferride)4 in CHCl3 solution at
the top of the column. The following types of mechanism were tested: (1) Small
spinner type extractor with a water solution of cupferron entering concurrently
with the aqueous UCl4 and CHCl3 passing through countercurrently. Result: Incom-
plete removal of U*4 from aqueous phase. (2) Liquid-liquid centrifuge with
solutions entering in the same manner as above. Result: Incomplete extraction.
(3) Mixing of the three solutions in a throttled centrifugal pump discharging
into a settling tube for separation of phases. Result: Decomposition and incom-
plete extraction. (4) Dripping UCl4 solution and CHC1l3 through a deep bed of
of solid cupferron followed by a settling tube. Result: Decomposition and
plugging of filter supporting the cupferron. (5) Mixing the three solutions by
mechanical stirring in two mixing tubes followed by a settling tube. Result:
Complete extraction of U*. The last type of system proved to be the only one
showing promise. The device and modifications of it were used for subsequent
column runs. A drawing of the mechanism in its final modified form is shown in
in Figure 5.

Test Runs in Small Laboratory Column. A four-foot by one-centimeter column
was used to study types of flow required to eliminate flooding and channeling
and to get most efficient contact between phases. The four possible types of
flow were tested to see which would afford most satisfactory operation. The

- -u-ﬂ-..*.:.,;. 21 ﬁT

LY. S T E ¥ i —— g A B T T I R ot Bt 3o TV oo i T Al TR £ e Tl Sl A S Bt eI T - mees aw



= Ton o’

results are shown in Table 7.

Table 7

Flow Type Result
Aqueous continuous and wetting, CHCl3 channeled in droplets.
CHCl3 discontinuous. No flooding.
Aqueous continuous. CHCl4 CHCl3 channeled in droplets.
discontinuous and wetting. Flooding.
CHCl3 continuous and wetting. Aqueous channeled in droplets.
Aqueous discontinuous. Flooding,
CHCl3 continuous. Aqueous Aqueous flowed in layers over packing.
discontinuous and wetting. No flooding or channeling.

All flow rates were held as nearly as possible at 10 cc per minute in both
phases. The last set of conditions appeared to afford the most satisfactory

operation.

- It was decided to obtain a comparison between the amount of surface contact
afforded by layer and droplet flow. This was achieved by measuring the amount of
extraction at equilibrium in the four-foot column using the two types of flow.
The system used was that of UO9(NO3)9 aqueous solution and dibutyl carbitol. The
aqueous phase was salted with enough Al(N03)3.6H20 to give an extraction coef-
ficient of 2.95. All conditions were held constant except the flow type in the
discontinuous phase. Samples of aqueous phase were periodically analyzed for
uranium until the concentration became constant, indicating equilibrium. The
results of the comparison are shown in Table 8.

Table 8
Flow Type U in Organic
U in Aqueous
Aqueous discontinuous, wetting 3.56
and flowing in layers.
Aqueous wetting., Organic dis- 0.77

continuous and flowing in droplets.

It was logical to assume that since layer flow gave more extraction in a
given column length, it would also result in more exchange. All subsequent
column runs were made using conditions giving layer flow in the aqueous phase. A
number of short runs were made on the four-foot column using the automatic re-
fluxer previously described. Decomposition in the organic phase continued to be
4 major source of trouble. It was discovered during these test runs that the
cause of decomposition was due to the excess cupferron forming the very unstable,
CHCl3 soluble, acid cupferride. The presence of this compound (nitroso phenyl
hydroxylamine) in the CHCl3 phase offered two difficulties: (1) decomposition
accompanied by violent gassing, and (2) ability of acid cupferride to extract
uranium from the aqueous phase in the column.
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Attempts to Remove Excess Cupferron. A number of tests were made using
various solutions in an attempt to wash the excess cupferron from the organic
phase. The efficiency of removal was measured by shaking the organic phase,
after washing, with a standard UCl, solution. Any decrease in uranium concentra-
tion in the standard solution was caused by incomplete removal of the excess
cupferron. The results of this work are shown in the following table.

Table 9
Wash Solution Results

HgO --cmcocmmcmmmcmm oo - No removal of cupferron.

Dilute NH4OH ---v---cemeocnconnm- Emulsion and precipitate formed.

NH CoH30g ------c-occmoccnmmnnnn No removal of cupferron.

Fetd cmm e 97% removal. Some U lost to
aqueous wash.

Cd+2 --------------------------- Incomplete removal.

J N i J R e 92% removal. Some U lost to
aqueous wash.

Sntd e 88% removal. Some U lost to
aqueous wash,

Cut2 e Cu(cupferride)g did not meet

solubility requirements.

In each case there was used more than enough wash reagent to remove all of
the excess cupferron if the reactions had been quantitative. Fet3, and Snt*4
removed most of the excess cupferron, but its removal apparently rendered the
formation of U(cupferride)y incomplete allowing some Ut4 to pass into the
aqueous wash solution. This factor ruled out the chance of removing excess
cupferron by means of an aqueous wash. The only alternative appeared to be the
minimizing of excess cupferron in the CHCly phase. This was accomplished by
adding less than the theoretical amount of cupferron in the automatic refluxer.
The aqueous effluent was then analyzed for uranium and a slight excess of cup-
ferron was added along with CHCl3. A hand extraction was then made, and the or-
ganic layers from both refluxes and hand extraction were combined and returned
to the top of the column. In this way only a small amount of excess cupferron
passed into the organic phase.

Modified Thirty-Foot Columns

A new thirty-foot by one-centimeter column was constructed. It was built in
six sections, each equipped with a blown glass water jacket. All solutions were
fed to the system by means of Sigmamotor constant delivery rate pumps, These
pumps operated on the principle of squeezing the solution through a heavy wall,
gum rubber tube. Operation was very satisfactory even when working against a
thirty-foot head of CHCl3 (20 psi). Several runs were made using the reflux
procedure outlined in the previous paragraph. In all runs an appreciable amount
of uranium remained in the effluent even after the second extraction. This was
thought to be due to oxidation of the effluent from the first extraction. It was
necessary for the solution to stand for approximately thirty minutes before the
analysis and hand extraction could be made. Some flooding occurred which was
probably due to constrictions in the one-centimeter tube or gaps in the packing.

In order to obtain a more uniform bore column and even stacking of helices,

another column was constructed of one-inch pyrex pipe, water jacketted with two-
inch pyrex pipe. No flooding occurred during the operation of this column. It
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also afforded a more sturdy structure, and there was no glass breakage as had
previously been encountered. A different reflux procedure was used which involv-
ed a two-stage automatic device (Figure 5). The excess cupferron was held to a
minimum. A variable speed transmission was connected to the cupferron solution
pump so that the rate of delivery to the refluxer could be adjusted when neces-
sary. Thus when the UCl4 solution at the top of the column began to fade in
color, (indication of excess cupferron extracting U in the column) the pumping
speed was reduced until the normal color returned to the solution. Constant flow
rates of 16 and 22 cc per minute were used for the UCl4 solution and CHCl3
respectively. A flow diagram of the apparatus is shown in Figure 6.

The results of the runs made using the new procedure showed that losses
still occurred in the extracted effluent from the refluxer. During 16 hours of
operation (calculated equilibrium time) a total of 239 grams of uranium was fed
to the system. Seventeen grams, or seven percent, of the total were lost to the
effluent. Samples of UCl4 solution were taken at the bottom of the column and at
the top and analyzed for UO9*4 concentration. An averare of approximately one mg
uranium per ml solution was oxidized in passing through the thirty-foot column.

Attempt to Hold U*4 in Reduced State

Studies were made of the effect of increased acid concentration on the
oxidation of UCl4 solution in contact with U(cupferride)q4 in CHCl3. The effect
of degassed solvents on oxidation was also measured. One-hundred ml portions of
UC14 solution (1.5% U) were shaken for five m1nutes with 100 ml of U(cupferride)4
in CHC13. The aqueous layer was analyzed for U02 before and after shaking. The
following table shows the effect of acid concentratlon and degassed solvents on
oxidation. -

Table 10
Increase in
Conditions UO2+2 (mg U/ml)
(Blank) 1.5 N HCl cccccmmm i e e e e oo 2.45
2.0 NHCL --cccmmmmm e e e e ee 1.31
2.5 N HCl ccccmmmm e e eeee oo 0.39
3.0 NHCL cccmmm e i ciacee e 0.70
S.5NHCl cecmmme e ce e e eecceceaaaas 0.62
1.5 N HCl, degassed CHClg -----------cc-wmmcocomnnm- 1.68
1.5 N HCl3 degassed water and CHCl3 ---------------- 1.13

Except for one erratic result at 2.5 normal acid, there was a trend toward
slower oxidation at higher acid strength. Degassed solvent also slowed the rate
of oxidation, but neither device was sufficient to completely eliminate 1it.

The addition of a reducing agent, sodium formaldahyde sulfoxalate (NaSO5*
CHoOH.2H90Q), to the aqueous phase showed good p0551b111t1es in laboratory tests.
The reagent was found to be capable of reducing U02 qu1te rapidly. Therefore,
the reducing agent should be preferentially oxidized in the column leaving the
Ut4 in its reduced state. The one disadvantage exhibited by this compound was
that it reduced the efficiency of the CHClz-cupferron extraction inthe refluxer.
The reason for this was not determined.
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IN GHLOROFORM

FIGURE 6~ FLOW DIAGRAM OF EXCHANGE COLUMN
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Final Column Run

A final sixteen-hour column run was made using 12 grams of NaSOg- CHoOH. 2H90
per liter in the UCl4 feed solution. All other conditions were the same as those
for the last previous run. The variable speed cupferron pump was used to feed
the refluxer. Losses at the top of the column were less than those previously
experienced, but they were still too high to allow any enrichment. Losses were
thought to be due to incomplete extraction in this case rather than oxidation.
As stated earlier, the presence of the reducing agent made the extraction less
efficient; a larger excess of cupferran was necessary to attain complete conver-
sion. Of course, an increase in cupferron led to decomposition which would have
caused a shutdown had the cupferron rate not been reduced. It was not possible
to establish a cupferron rate slow enough to avoid decomposition and yet rapid
enough to get complete extraction.

Horizontal Stirred Column Experiments

Some laboratory tests were made on horizontal stirred columns of several
designs. Mixing at each stage was attained by means of mechanical stirring in
vertical tube chambers. Connections between chambers needed to be such that
counter flow could be attained. Both horizontal connecting tubes and inclined
tubes were tried. Neither afforded steady counter flow. The best system devised
was one in which each stirring chamber was followed by a settling tube. The two
phases were thus separated and passed in opposite directions to their next
respective stage. A sketch of this system is shown in Figure 7.

Some tracer experiments were made in order to determine the efficiency in
terms of number of stages afforded by a given number of mixers.-A series of six
chambers was used. Uranium enriched in U235 was fed in one end as aqueous UCly
solution. Depleted uranium was fed to the other end as U(cupferride)4 in CHClj
solution. Samples were taken of both phases at inlet and outlet ends. Uranium
analysis and alpha count were made on each sample. The activities were then
expressed in alpha counts per minute per microgram uranium in order to determine
the amount of exchange that took place in the six chambers. Table 11 shows the
changes in activities in the organic and aqueous phases for flow rates of
approximately nine cc per minute in both phases.

Table 11
Sample U Concentration Activity
(p/ml) (counts/min/u)
Aqueous (in) 167 19.9
Aqueous (out) 213 1.9
Organic (in) 198 0.5
Organic (out) 187 11.6

The concentration data showed that a transfer of material took place from
organic to aqueous phase. However, no balance could be made with respect to
concentration or activity. This was probably due to some inaccuracy in analyti-
cal method. Qualitatively it appeared that more exchange took place than would
have occurred in a packed column of similar volume. If work is resumed using
some other exchange system, it should be of advantage to study further hori-
zontal stirring type apparatus.
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DISCUSSION OF RESULTS

The main conclusion to be drawn from this work is that the U*4-U(cupfer-
ride)4 system does not lend itself practically to continuous column operation.
No reflux system using cupferron could be made practical due to the solubility
of the acid complex in CHCl3. Oxidation of Ut was not-effectively eliminated
without further hindering the extraction at the top of the column. The oxidation
problem might have been solved by the use of a more suitable reducing agent, but
the system would still not be suitable for long operation because of the im-
practical method of reflux. In order for an exchange system to be workable, a
complexing agent is needed that is soluble in acid solution and insoluble in the
organic phase. The uranium complex must be stable and soluble in organic and
insoluble in aqueous acid solution. A system involving UO3%2 in the aqueous
phase would be more easily handled since oxidation would not be encountered. It
should, therefore, be much easier to eliminate losses at the reflux end of the
column. Work is being continued in another laboratory in this department to
develop such an exchange system which would be more adaptable to continuous
column operation. Work on the Ut4 — U(cupferride)4 system has been abandonded,
and the column apparatus has been placed in standby condition until a new
exchange system can be devised.

Factors necessary to attain an economically practical process even further
complicate the problem. It would be necessary to develop reflux mechanisms for
both ends of the column. Also high recovery of complexing agent and organic
solvent for re-use would be required. A single stage separation factor of 1,002
or larger would probably be necessary in order for any exchange process to
compete economically with existing processes.
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ORGANIC COMPLEXING AGENTS FOR URANIUM

Because of difficulties encountered in the use of cupferron, a search was
inaugurated to find organic compounds more suitable for forming inner complex
compounds with tetravalent uranium for use in exchange reactions of the type

y238 +4 4 U235(Complex)4 <____i y23s +4 4 U238(Complex)4
Aqueous Organic Aqueous Organic

It is obvious that if such a system is to function properly, a number of
<riteria are imposed upon the [U (Complex), ]9, The most important properties
which the complex should possess are enumerated below:

1. The uranium complex must be stable in the presence of dilute acid
solutions. This is a requisite since the complex will be in contact
with a solution of U*% ion. Hydrolysis of this ion takes place when
the acidity falls below a pH 2 1.9. So it must always be more acid than
this.

2. Uranium ion is readily oxidized so the organic should not be an oxidiz-
ing agent or tend to cause oxidation indirectly.

3. The complex of uranium must form readily and not require a large excess
of reagent.

4. The complex must be bonded tightly enough to be stable and extract into
the organic solvent yet it must permit an exchange of uranium to take.
place with the ionic form in aqueous solution.

5. The complex should not cause emulsification when the organic and
aqueous phases are agitated in the presence of each other.

6. Cost of the complexing reagent should be reasonable.

7. The organic compound should be recoverable.

Since reagents have been rejected when the above requirements were not
fulfilled, it is reasonable to assume some compounds were eliminated that
would have shown complexing action under different conditions of acidity,
solvents, etc.

Considering the requirements for a uranous complex, the most desirable
class of compounds for investigation seemed to be inner complex salts, that is,
metal-organic, chelate non-electrolytes. A general review of the literature on
this subject has been made (16-25). Inner complex compounds are insoluble in
water, soluble in non-polar solvents, and usually very stable. The uranous form
of uranium has a coordination number of eight (26) and a principal valence of
four, that is the coordination number is just twice the principal valence. There-
fore to form an inner complex compound [U(organlc) J9 it is necessary to have an
organic compound containing one coordinating group and one ac1d1c group (16).
Using four of these molecules to complex the U*#, the uranium is "satisfied" and
has no charge. The same results may be obtained by organic molecules containing
two coordinating groups and two acidic groups; then only two molecules are nec-
essary to complex U*4. Bidentate compounds are much more numerous than quadrid-
entate, and so quadridentate compounds were not investigated.

Acidic groups in organic compounds are hydroxyl (OH), mercapto (SH), and
imino (SNH). These groups are either attached directly to the hydrocarbon
nucleus or separated by other groups such as C=0, N, NO, SO, 502, As, and AsO
which give the carboxylic acid (COOH) the oxime or enolic form of the nitroso
group (N-OH), nitroxyl or enolic form of the nitro group (NO-OH), sulfinic acids
(SO-0OH), sulfonic acids (SO,-OH), arsinic (As(OH) ), arsonic (AsO(OH),); the
monothiocarboxylic group (C65H) and dlthlocarboxyllc group (CSSH); the imide
group ((CO),NH). Other salt forming groups are amines and substituted amines.
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The common coordinating groups are primary amines (-NH, ), secondary amines
(-NRH), tertiary amines (-NRz), cyclic tertiary amines (=N-), carbonyls (C=0),
thiocarbonyls (C=S), oximes (=N-OH), nitroso groups (-NO), nitro groups (-NOZ)’
alcoholic hydroxyls (OH) and thioethers (-S-). Also, nitrogen atoms and double
bond carbon atoms coordinate with metals.

Organic compounds having one acidic group and one coordinating group in the
1,2; 1,3; 2,3; 2,4; etc. positions in aliphatic compounds, and in the ortho
position in aromatic compounds were investigated because inner complex compounds
like organic cyclic compounds usually have five or six atoms in the ring. This
is in accordance with the Baeyer strain theory. h

Many organic compounds were tested to determine whether or not they would
react with U*4 and be extracted in a non-polar solvent. Chloroform and butyl
acetate were chosen for extracting since they represent most water immisible
solvents. Although of less interest in our work, uranyl ion was also tested in
many cases for possible reaction and extraction,

A simple procedure for testing was adopted. The uranium concentration was
0.lg U in 5 ml. water. The organic to uranium ratio was five to one for uranous,
and three to one for uranyl ion. The organic was weighed into a test-tube, and
four ml., water added. One ml. uranium solution containing O.lg U was added and
mixed thoroughly. Any color or precipitation reaction was noted. Five ml., of one
of the solvents was added and the two phases shaken together. Any extraction was
noted. This was repeated using the other solvent. Four tests were made with each

organic; two with uranous, and two with uranyl ion. A table of results is given
in Appendix F.

The general plan of evaluation of an organic has been as follows: First,
qualitative tests to find whether an extractable complex is formed. Second, if
positive tests were obtained, a more detailed examination of the extraction
characteristics is made, studying such variables as acid, ratio of complexing
agent to uranium, solvent, etc. Third, an "exchange" run comparable to that made
with cupferron and described in Appendix B is carried out. If no exchange takes
place, the organic reagent must be eliminated. Finally, if a reagent 1is found
which possesses enough desirable characteristics, batch runs such as those
described in this report will be carried out.

The compounds discussed below are those which have shown some possibilities
and therefore required evaluation. Work is not complete on all these compounds.

Acetyl Acetone (2,4 Pentanedione)

0 0
|| R

n—O =

0
||
CH,- C - CH,- C - CH, CH,- C - CH = C - CH,

keto enol

Uranous acetylacetonate would presumably have the structure,

I
HC-C-C=C - CH,
H
- - 34
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This compound may be isolated and is reasonably stable although it 1is
doubtful whether it would undergo distillation as many other metal acetylace-
tonates do.

o il g . .

Benzohydroxamic Acid (B.H.A.)

| or I

Benzohydroxamic acid warrented investigation due to the structural similar-
ity between this compound and cupferron, a well known reagent for tetravalent
uranium, It was found that B.H.A. precipitates either Ut* or U02+2 from neutral
solution. Uranous benzohydroxamate, an amorphous grey compound, is readily
soluble in ethyl benzoate, benzaldehyde, and alcohols. Uranyl benzohydroxamate
precipitates as-an orange-red crystalline compound which is insoluble in all
organics tested with the exception of ethyl and methyl alcohol; it is not read-
ily soluble in these.

The structure of the uranous complex might be

——C = N —— C - NH
| or I
HO O 0o 0
e/ e/
Uy Uy

The uranyl complex would be similar but would require two moles of complex
per mole of uranyl ion.

Extraction data for uranous benzohydroxamate from aqueous solution using
ethyl benzoate as the solvent are given in Table 12,

TABLE 12

EXTRACTION OF U(BHA), BY ETHYL BENZOATE

Conc. U in Aqueous Mole Ratio %U Extracted
pH Layer Before . BHA (one pass)
Extraction u4
.32 2.6% 2.5 15.5
.04 2.6% 2.5 38.1
.12 2.6% 2.5 47.5
.82 2.6% 2.5 64.2
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The rate of exchange between the benzohydroxamic acid complex and the
uranous ion is about the same as found using cupferron. (See Appendix B)

Benzoylformic Acid (B.F.A.) Phenylglyoxylic Acid)

This compound forms a very stable and easily extracted complex with uranous
ion. Presumably the structure of the complex is

H
—C -C=0 C-C -OH
| [
0 0 or 0 0]
./ N\ L
Uy U
Extraction data on this compound appear in Table 13.
TABLE 13.
EXTRACTION OF URANOUS BENZOYL FORMATE BY CHCl3
Conc. of U* Before Mole Ratio % Extraction
pH Extraction B.F.A. (one pass)
U4
.5 3.8% 2.5 43.5
.54 3.8% 2.5 49.4
.6 3.8% 2.5 59.4
Benzoylformic Acid Oxime
H
0
N 0
A
C-C-0H
This compound complexes U™ as
H
0]
C-C=0 _I(:l-—-(l::o
| | :
N-0 - 9@ or more likely N. 0
O.o/
iUy
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The éomplex is not extracted by chloroform due to the formation of an emulsion,
Other solvents may possibly be used to advantage although none have been tried.

Cupferron (Ammonium salt of Phenyl Nitroso Hydroxylamine)

————I‘li - NO — INI = NONH,
0 - NH, DN 0

Cupferron, a well known analytical reagent, forms a water insoluble tan precip-
itate with tetravalent uranium ion. The complex is believed to exist in one or
both of the tautomeric forms

and displays the properties of true inner complex as indicated by its solubility
in non polar solvents.

Extraction data for uranous cupferride in two solvents are given in Tables
14 and 15.

TABLE 14
EXTRACTION OF URANOUS CUPFERRIDE BY CHLOROFORM
HC1 Conc. U Before Mole-Ratio % Extraction
Conc. Extraction Cupferron (one Pass)
y+4

IN * 3% 2.0 32%

1N 3 2.6 53

1N 3 3.3 76

1N 3 4.2 97

IN 3 5.0 100

ooap . SReRET
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TABLE 15

EXTRACTION OF URANOUS CUPFERRIDE BY BUTYL ACETATE

Conc. Conc. U** Before Mole Ratio % Extraction
of HCI1 Extraction Cupferron (one pass)
yts
IN 1.3% 2.0 . 28.9%
1IN 1.3 2.5 46.0
1IN 1.3 3.0 64.3
IN 1.3 3.5 82.4

It is significant that of all the complexing agents tested with U*4 only
the cupferride complex is stable toward acid., Solutions up to 3N HCl have been
used successfully with no apparent effect on the extraction of the uranous
complex. Exchange data are given in Appendix B.

Uranous cupferride in choloroform solution is rather unstable. The complex
apparently oxidizes with the subsequent precipitation of uranyl cupferride. The
uranous complex is somewhat more stable in Butyl acetate and other solvents.

Dibenzayl Methane

which resembles acetylacetone except phenyl groups are substituted in place of
methyl groups.

Using a 2.5 mole ratio of dibenzoyl methane an extraction of 19.8% uranium
was obtained at a pH = 1.5 using chloroform.

No exchange experiment was made with this compound.

“:””‘:

N1 '
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Ethyl Benzoylpyruvate (E.B.P.)

0

0 0
| 1l

——C—CH,—C—C—0C,H,

This compound reacts with uranium in aqueous solution forming an extract-
able complex. Uranium exchanged between this complex and U*4 ion at a rate too
slow for our needs. Generally the properties were similiar to 2,4 pentanedione.

0
H |l
—|c|—(:=c|:—c—oc2H5
0~ 1—0

An extraction study is summarized in Table 16.

TABLE 16
EXTRACTION OF E.B.P. COMPLEX OF U*4 BY CHCl,
Conc. U Before Mole Ratio % Ext. (CHC13)
pH Extraction E.B.P. (one pass)
' U

1.3 2.4% 4 16.1%
1.6 2.4 4 50.9
1.8 2.4 4 Emulsion
2.0 2.4 4 Emulsion

Ethyl Thioglycolic Acid (E.T.A.) ﬁ
c,H—S— CH,—C—OH

Uranous ions form a rather weak complex with this acid. The structure of
the complex probably is

Tiraaygiy 39
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The reagent forms a white-green precipitate with uranous ions which can be
extracted into chloroform to give a light green solution. Here again the complex
is not stable in the presence of acid, a large excess being required to produce
any degree of extraction from slightly acid solutions. The data in Table 17
bring this fact out clearly. The complex allows exchange of uranium but at a

much slower rate than cupferron.

EXTRACTION OF E.T.A. COMPLEX OF U BY CHLOROFORM

TABLE 17

Conc., U Before Mole Ratio
pH Extraction E.T.A. % Extraction
U (one pass)
1.2 3.79% 9 24.8
1.2 3.79 12 39.8
1.2 3.79 15 45.1
1.2 3.79 18 50.7
p-Chlorophenoxyacetic Acid
0
[l
—O—CHz—C— OH

Cl

From visual observations the uranous complex with p-chlorophenoxyacetic acid is
much like salicylic acid complex. No further work has been done on it. A chelate
structure for this compound is not obvious. The uranous complex is extracted by

chloroform.

Salicylic Acid

- gwkax. W
¢

[

— COOH

— OH
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The uranous complex of salicylic acid probably exists in one of these forms

H ﬁ H
0 0
——C=0 —C—0 / =c—(l)
E ’ } 2 OT
—o0—1 0~y V2

Salicylic acid because of its low solubility in water will not complex uranous
ion in aqueous solutions. The sodium salt will form a white-green precipitate
with uranous ions; this can be extracted with butyl acetate to give a light
green solution. Salicylic acid will complex uranous ions and be extracted by
chloroform if ethyl or methyl alcohol is added. The uranous salicylate complex
is more sensitive to acid than cupferron; although it extracts at a pH of 2
using sodium salicylate, there is no exchange of uranium atoms, so no further
study has been made with salicylic acid. There may be a slight possibility of
exchange using alcohol and salicylic acid.

TABLE 18
EXTRACTION OF URANOUS SALICYLATE BY BUTYL ACETATE

Moles Ratio pH Before pH After %. Extracted
NaSal Extraction Extraction (one pass)
U
6 .5 .9 27%
6 1.0 1.3 43
6 1.7 2.7 76
6 2.0 : 3.3 86

Sodium Diethyldithiocarbamate
S

1
(C,H,) ,N—C—SNa

Both uranous and uranyl ions react with this reagent. Uranous ions are
precipitated and this precipitate is soluble in chloroform. Uranyl ions form a
red precipitate which is soluble in chloroform. The structure of the complex
may be

?—94 ~T’—‘:J/:;
(C,H ) ~N—C=S5 or S=C—N(C,H,),

a4 R TR+ caadie i A S R o t T i N R —
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TABLE 19

Wgnapw *

EXTRACTION OF URANOUS DIETHYL DITHIOCARBAMATE BY CHLOROFORM

U Conc. Mole Ratio
pH Before Extraction Complex/U*4 % U Extracted
% (one pass)
.25 3.6 2.5 5.8
.9 3.6 2.5 30
1.0 3.6 2.5 36
1.5 3.6 2.5 47
Thenoyltrifluoroacetone (T.T.A.)
HC — CH 0
A0l ||
HC C'—C'—CHZ—C—CF3
N/
S 0

A sample of this compound was recently obtained from the University of
California. Preliminary work with the U(TTA)4 complex shows it may be extracted
from aqueous solution by butyl acetate but chloroform does not work well. Ex-
traction data are presented in Tahle 20.

TABLE 20

EXTRACTION OF URANOUS ‘TRIFLUOROACETONATE BY BUTYLACETATE

U Conc. Before Mole Ratio % U Extracted (BuAc)
pH Extra;tion Complex/U+4 (one pass)
(]
1.05 1.9 1 12
1.05 1.9 2 26
1.05 1.9 3 36
1.05 1.9 4 48
1.05 1.9 5 59
n»é’}lliim;
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“Trifluoroacetonate (T.F.A.)

0 0

|l Il
CF,—C —CH; C—CH,

S T ey

The uranous complex with this compound is analogous to that of acetyl-
acetone although somewhat more stable in the presence of acids. Results of an

extraction study are summed up in Table 21].

TABLE 21

EXTRACTION OF URANOUS TRIFLUOROACETONATE BY CHCl,

U Conc. Before Mole Ratio % U Extraction
pH Extraction TFA (one pass)
% 1]
1.3 3.6 3.6 40.5
1.46 3.6 3.6 49.5
1.5 3.6 3.6 52.1

As in the case of other 8 diketone complexes of uranous ion,

exchange was very slow.

the rate of
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EXCHANGE OF URANIUM BETWEEN U*4 AND U0, *2 :

IN DILUTE ACID SOLUTION

In connection with other work it was desired to know whether uranium atoms
exchange between the tetravalent, U*4, and the uranyl, U02+2, lonic states.
Previous work by others (27,28) had given conflicting information so the ques-
tion was taken up as a separate problem. The present investigation demonstrated
that under certain conditions a fairly rapid interchange can be observed. A
preliminary report (29) of this work was made at the October, 1947, Information
Meeting held at Clinton Laboratories in Oak Ridge. Others have since observed
the same exchange (30). The present report gives the complete experimental data
which were not included in the original document (29).

The mode of attack was a modified tracer technique. The exchange reaction
may be represented by the simple equation

* (+4 +2
uo 2+2 + U _— U + U02

with the unstarred uranium r%presenting almost pure U238 and therefore uranium
of low alpha activity. The U is enhanced in U235 and U234 and has an alpha
activity approximately fifty times that of the U238,

The mathematical expression of the rate process may be given by the equa-
tion below. The complete derivation is given in Appendix G.

o1 ABBR) ‘
T ©(A+B) " "B(A—BR)

time in minutes .
wt. () uranium as UO%+2 at t
wt. () uranium as Ut4 at t =
G+4

+4 at time = t

=0
0o

s us i el
nwon

Quantities A, B, and t are all known. R is determined by solving simultan-
eous equations involving the weight and activity (alpha counts/min/microgram) of
the tetravalent uranium in the system at time t (see Appendix H).

It should be pointed out that the above rate equation is not in the custo-
mary form, but has been used because of convenience. A and B are actually the
micrograms of UO;Z or U**in one fiftieth of the 20 ml systems which will be
described shortly. Another value of the reaction rate constant, namely k’, has
been included in tables 22, 23, 24; k' was obtained by substituting moles per
liter for A and B and t in seconds. :

Three factors which were felt would affect the rate of exchange were
investigated; these are discussed below:

Effect of Hydrogen Ion Concentration

Systems were made up by taking 2.00 ml of uranous chloride (12.5 mg U),
solution, 2.00 ml of uranyl chloride solution (12.5 mg U), the proper amount of
hydrochloric acid to give the desired pH, and making up to 20.00 ml. The pH of
this system was measured with a Beckman laboratory pH meter.
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From the above system a 2.00 ml aliquot was withdrawn to determine the ini-
tial U+4 and U02*2 (A and B) concentrations. This step was found necessary
because the Ut4 stock solution changed slightly in U*4 concentration from day to
day due to the oxidation Ut to U02+2.

Aliquots (2.00 ml) were withdrawn from the remainder of the system at var-
ious noted times {(t), transferred to a small separatory funnel, chilled, and a
cupferron chloroform extraction of the tetravalent uranium made.

The chloroform solution of the uranous cupferride was diluted to 10.0 ml in
a volumetric flask. From this, 2.00 ml aliquots were withdrawn for plating and
counting (the count of these samples is recorded in Table 22). Further aliquots
(2.00 ml) of the chloroform solution were used to determine colorimetrically the
uranium present (this quantity is found in the "U" column of Table 22).

) ) ) . A (B+BR)

The above determinations make it possible to compute R and thence —70———

and k. B(A'BB)
A plot of-%%%%%%%—for various values of pH versus time is given in Figure

1, Appendix J.

When the average value of the reaction rate constant, k at 28°C, is plotted
against pH; Figure 2, Appendix J; the fact is revealed that the rate constant
varies inversely with the hydrogen ion concentration. If the pH is as great as
2, hydrolysis of the tetravalent uranium takes place.

Effect of Temperature

The variation of the rate of the reaction with temperature was studied in
the range of 23°C to 64°C. Systems used in this work were prepared in the same
manner described earlier in the report. The pH in these runs was held at 1.0 and
the temperature varied from run to run.

A water bath with a mercury thermoregulator was used to control the temper-

ature. The data obtained from the experimental results and subsequent calcula-
tions are presented in Table 23.

Plots of these data, Figures 3 and 4 in Appendix J, reveal that the log of
the rate constant is inversely proportional to the absolute temperature.

Taking the average rate constants for two different temperatures, a calcu-
lation of the Energy of Activation may be made

T, = 312° k; = 2.58 x 1070
Ty = 317% ko = 5.26 x 1076
log k,/k, = Q(T9- Ty)/2.303 RT1Ty
-6
log 226 2 107 _ (317 - 312)/2.303 x 2 x 312 x 317
2.58 x 10-6
log 2.03 = Q —————
°8 -2 T ¥ 456 x 105

.308 = Q 1.1 x 10-5

28,000 calories/mole = Q

" Bpi- e AN
P
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TABLE 22
Effect of pH on Rate of Exchange
t = 28°
Run t c/m of yUin A(B+BR) k k'
No. pH (min) Aly) B(vy) Aliquot Aliquot R | B(A-BR) k (average) (sec'l)
wini]| o 312 188
v 85 263 165 .08 1.13 | 2.9 x 10-6
S IV 218 448 135 .21 1.39 3.0 x 10-6 3.1x 106 | 4.9 x 10-3
v 310 537 118 .33 1.66 | 3.3 x 10-6
III |1.3 0 350 150
III 5 139 150 .04 1.05 [19.6 x 106
111 16 286 145 .12 1.18 |20.7 x 10-6 | 18.8 x 10-6 ] 29.8 x 10-3
II1 40 488 138 .27 1.43 [18.0 x 10-6
111 100 785 123 .67 2.33 |17.0 x 10-6
VIII | 1.9 0 345 155
VIII 4 268 155 .10 1.15 |69.0 x 1076
VIII 3] 1050 154 .13 2.60 |62.2 x 10-6 | 62.9 x 10-6 | 99.8 x 10-3
VIII 63 1349 153 |1.35 6.00 |57.6 x 10-6
NOTE: A and B in Table 22 are actually only one-fiftieth of the
amount of tetravalent and uranyl ion present in the orig-
inal system. It is convenient to use these values since
the activity and colorimetric determinations also repre-
sent one-fiftieth of the original system.
TABLE 23
Effect of Temperature on the Rate of Exchange at pH 1.0
Run | Temp. t ¢/m of ¥y U in A(B+BR) k
No. (°c) | (min) Aly) B(y) Aliquot Aliquot R B(A-BR) k (average) k'
1 23 | 1131 344 156 122 156 026 | 1.04 6.6 x 10-8
1 23 | 2805 106 109 .045 | 1.06 4.0 x 10-8 ] 5.3x 108 [ 8.4 x 108
2 39 15 243 257 148 257 .008 1.02 2.3 x 10-6
2 52 223 210 .039 | 1.07 2.5 x 106
2 96 363 207 082 | 1.15 9905106 ] 2.6x106] 4.1x103
2 154 479 205 J124 1 1.23 2.7 x 10-6
3 44 17 298 202 167 202 025 | 1.04 5.0 x 10-6
3 53 425 243 072 | 1.15 5.29x 106 | 5.3x106| 8.4x103
3 101 - 643 216 .162 | 1.33 5.6 x 1076
4 64 15 283 217 1072 217 326 | 1.77 7.6 x 10-5
4 34 1726 207 778 4.06 8.2 x 105} 7.9 x 10-5{ 12.5 x 1072
P i Siae '
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TABLE 24
Effect of Light on Rate of Exchange
Run | Ex- t A B c/m of y U in A(B+BR) k
No | posure| pH | {min) [(» U) | (¥ U) | Aliquot | Aliquot R [B(A-BR) k (average) k'’
L-1 | u.v. | 108 o | 325 | 115
1.08 5 76 162 [.004 | 1.004{ 1.6 x 106
1og8| 71 131 170 |.024 | 1.040 | 1.0 x 10-6
1.08 | 170 226 145 {.079 | 1.090 | 1.0 x 106 | 1.1 x 10°6| 1.74 x 10-3
1.08| 229 229 136 }.088 | 1.120 [ 0.9 x 1076
L-2 | u.v. | 1.52 0 | 268 | 232
1.52| 45 903 243 |.200 | 1.630 [21.0 x 1076
1.52| 105 1135 203 |.350 | 3.100 |22.0 x 10-6 | 21.3 x 10-6{33.8 x 10-3
1.52) 1M 943 163 [-390 | 6.200 | 21.0 x 10-6
D1 | Dark | 1.08 0o | 325 | 175
1.08| 42 81 163 |.010 | 1.020 | 0.9 x 10-6
1.o8 | 97 131 147 .030 | 1.050 | 1.0 x 10-6] 1.0 x 10-6] 1.6 x 10-3
1.08 | 194 171 102 |.090 | 1.110 | 1.0 x 1076
D-2 | Dark | 1.20 0o | 360 | 140
120 6 59 173 {.008 | 1.002 | 0.6 x 107°
1.20 ] 80 96 160 |.014 | 1.050 | 1.1x 10°6) 0.9 x 1006] 1.4 x 10°3
1.20] 148 109 145 |.011| 1.080 | 1.0 x 1076
D-3 | Dark | 1.35 o | 321 | 113
1.35| 4 73 180 {.003 | 1.003 | 1.5 x 1076
1.35] 38 146 175 |.028 | 1.060 | 3.1x 1076 | 2.6 x 10°6| 4.1 x 10-3
1.35| 85 294 170 }.093 | 1.130 | 2.9 x 1076
1.35 | 144 343 163 |.120 | 1.230 | 2.8 x 1076
D-4 | Dark | 1.52 0o | 319 | 181
1.52 6 148 230 [.019 | 1.030 | 9.8 x 107°
1.52| 61 435 155 |.176 | 1.280 | 8.1 x 106 | 8.7 x 10-6|13.8 x 10-3
1.52 | 125 155 132 .470 | 1.700 | 8.5 x 10-6
1.52 ] 199 347 61 |.550 [ 2.250 | 8.2 x 1076
D-5 | Dark | 1.64 0 | 360 | 140
1. 64 5 157 230 |.047 | 1.030 |11.8 x 107°
1.64 | 33 573 213 [.190 | 1.210 [11.5 x 1079 | 11.4 x 1076{18.1 x 1073
1.64 | 85 749 204 |[.290 | 1.61 |11.2 x 1076
1.64| 174 473 194 |.170 | 2.650 |11.2 x 10°
. AU
Pw
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Effect of Ultraviolet Light

It had been reported by Heal (31) that the presence of ultraviolet light
increases the concentration of a pentavalent uranium ion. Since the ut4 - U02+2
exchange process could ‘conceivably involve the formation of an intermediate
pentavalent ion, several experiments were carried out to find whether the rate
of exchange could be altered by exposing the system to ultraviolet light.

To do this, systems were prepared and exposed to an ultraviolet light
source while others were placed in a heavily wrapped blackened bottle. The appa-
ratus is shown in Figure 8.

It is seen that the system exposed to the ultraviolet source was also
exposed to the normal light in the room, as were all other experiments so far
described.

The intensity of the ultraviolet light had been previously checked (see
Appendix K) and found to be 14 x 1015 quanta per second in a system physically
identical. to that used for the exchange systems. Using this value for the ultra-
violet radiation, it was determined that an exposure time on the order of an
hour would be sufficient for complete activation of the uranium ions in the
system.

The results obtained from these runs are presented in Table 24.

The experimental data have been plotted in Figure 5 and Figure 6 of Appen-
dix J. Figure 6 shows that the rate of the exchange reaction is appreciably
slower in the dark than in systems exposed to ultraviolet light. If the exchange
rate of the ultraviolet system is compared to its counterpart in normal daylight
as in Figure 6, the difference in rate is seemingly negligible. The data do not
allow any conclusion to be drawn regarding the effect of the ultraviolet source
in the absence of other light.

DISCUSSION

Although the effect of several variables on the rate of exchange of uran-
ium between the tetravalent and hexavalent states has been studied, no explana-
tion of the mechanism of this exchange i:s being presented here. However, the
results do provide a basis for certain speculations. It seems significant that
the pH range in which the exchange is most rapid is also the range in which
hydrolysis of U*4 with ultimate precipitation of colloidal UO2 is favored. The
extreme hydrolyzed form of the tetravalent uranium, U(OH)4, would of course be
favored with rising pH. It also seems possible that the hydrated form of the
hexavalent uranium, [U02(0H2)2]+2, might tend to become [U(OH)4]+2 with rising
pH. A simple electron transfer between these two similar species does not seem
unlikely.

By the use of oxygen isotopes, Crandall (34) was able to clarify the iden-
tity of the oxygen atoms in the U02+ ion in solutions .1l to .65 N in HCl. It
would seem that similar studies in the pH range of 1 to 1.9 would add consider-
ably to an understanding of the exchange mechanism.
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SUMMARY

A brief discussion of the general theoretical background of chemical
methods for isotope enrichments has been given.

The enrichment of uranium isotopes was achieved by making use of an ex-
change reaction involving the interchange of uranium between the inner complex,
uranous cupferride, dissolved in chloroform, and uranous ion in aqueous so-
lution. Both batch and continuous (column) methods were used. Batch experiments
showed some separation, but continuous column work was unsuccessful because of
the oxidation of the organic complexing agent and the relatively slow reaction
rate which greatly lengthened the height of one theoretical stage in the column.

Extensive research designed to find a more suitable organic compound which
will form inner complex compounds with uranium ions is presented. Although many
compounds were found which show some promise, none has been found to date which

has properties sufficiently desirable to warrant large scale experimentation.
More than 175 compounds of promising structure have been investigated.

It has been demonstrated that some separation of the isotopes of uranium
can he effected by equilibrating a mixture of uranous and uranyl ions at the
proper pH, followed by a selective precipitation of the uranous ions. A remark-
able feature of this study has been the demonstration that the uranous ion which
has previously been thought of as having a relatively simple structure in
solution (U*%) appears to be more complex than the uranyl ion (U09*4) since it
has been shown that the isoto pe U235 concentrates in the uranyl ion which,
according to present accepted theory, must be the less complex form.

Future work designed to improve the separation factors and possibly to
combine in some convenient manner the two reactions already tested has been

outlined.

Although it appears that considerable research may be necessary before a
practical method of utilizing chemical exchange reactions will be uncovered, the
present work is significant in demonstrating that the chemical separation method
might offer unusual attractiveness.
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APPENDIX A

Calculation of Equilibrium Constant for the Ut «—— U02+2 Exchange Reaction.

The calculation of equilibrium constants for an isotope exchange reaction
may be summarized briefly. Such an equilibrium constant is directly obtainable
from the free energy-change in the reaction. The free energy of any substance is
given by its partition function, Q, from the relation

F =-RT 1ln Q

The partition function expresses the probability of each possible energy state
in the molecule. It is obvious that the free energy of a substance may be
obtained by summing the free energies of each of the molecules present. Likewise
it is given by summing the energies obtained by multiplying the number of mole-
cules present of a given energy, by the amount of that energy. Equally well, it
may be considered to be the result of multiplying the number of molecules pre-
sent by the chance (probability) that each of them may have any of the particular
amounts of energy that are possible, and summing over all the probabilities.
Since we are concerned with one mole of compound, all that remains is the
probability sum, the partition function.

Since in a reaction we are concerned with AF, the difference between the
free energies of reactants and products, we may immediately write

Q9 Q
Fg - F; = AF = -RTln—— = -RT ln K, where K =7
Ql Ql

The partition function expresses all energy states of the molecule, but it can
be shown that in an exchange reaction all except vibrational states are the same
for each isotope. Therefore since a ratio is involved, all but the vibrational
states cancel out, and the calculation reduces to the estimation of the differ-
ences in vibrational levels to be found in the two isotopic molecules. A know-
ledge of the frequencies of the vibrational levels in all the molecules involved
may be obtained in several ways, and leads directly to the calculation of the
equilibrium constant. If the necessary frequencies have not been measured, they
may occasionally be estimated with reasonable accuracy.

If one assumes that uranous and uranyl ion exist in aqueous solution simply
as U*4 and U02+2 the isotopic exchange reaction between the ionic species may be
represented by the equation:

38 +4 235 +2 —_— 35 +4 238 +2
v ™+ uo, — + U0,

The methods of Bigeleisen and Mayer (3) may be applied to evaluate the
equilibrium constant of this exchange reaction. Calculations of the separative
effect by the "long" method and "short" method are carried out below. Essenti-
ally the same result is obtained by either method.
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Long Method of Calculation of Separative Effect:

The separative effect, S/S'f, for an isotopic exchange reaction may be
calculated from the function

S/S'f = 1 + 5(% - 1/uy + 1/e% - 1)Au;

where §/S’ ratio of symetry numbers of the molecule = 1
uj hew;/kT

h = Planck’s Constant = 6.6 x 10~ 27

¢ = velocity of light = 3 «x 1010 cm. /sec.

w; = vibration frequency in em™ 1

k = Boltzman constant = 1.38 x 10-16 ergs/degree
T =° = 300

let .
G; = (% - 1/u; + 1/e%t - 1)

for the Uranyl ion at 300°K

i=1 i=2 i=3
Wieeonennn 860 .... 220 .... 940
Awio.oooo.... 0 ....0.17 ....0.71
Ujeonmnennn 4.2197 .. 1.5049 ....a.5072
Auj.oooo.... 0 ... 0.00082....0.0034
Gjovvvunnn. 0.27792.. 0.08632.. 0.28928
GAu;......... 0 ...0.00007...0.00099

S/S'f =1 +3;(GAu;) = 1 + 0.00099 + 2(0.00007)**
1. 0011

h
1

*Values reported by G.H. Dieke; A-3227 (1945)
**Multiplied by 2 because wg is doubly degenerate

Short Method of Calculation of Separative Effect:.

S/S'f = 1 +. (AMn/ 24MM’)uZn

where S/S’' = ratio of symetry numbers of molecule = 1
M = mass of heavier isotope = 238

M'= mass of lighter isotope = 235
M = difference in mass of isotopes

m = mass of binding atom = 16 (for U02+2) _

n = number of binding atoms in molecule = 2 (for U02+2)
u = hew/kT

N __ ]
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Planck’s Constant

velocity of light

vibration frequency of molecule

°K = 300

Boltzman's constant = 1.38 x 10- 16 ergs/degree

L]

non

- € 0 T

for the Uranyl ion f = 1.0011

The equilibrium constant for the reaction is the ratio of the separation
effect of the isotope in the complex molecule to the separation effect in the
dissociated ionic form. We have assumed that there are no strong bonds and,
therefore, the separation effect due to the U*4 state is 1.00000. Table Al shows

the equilibrium constants.

TABLE Al

Equilibrium Constants for Ut —s U02+2 Exchange

f K
Species
short long short long
U0, *2 1.0011 1.0011
1.0011 1.0011
u*4 1.0000* | 1.0000*

*Assuming no strong bonds
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APPENDIX B

Exchange of Uranium between U **4 ion Aqueous Solution and U(CHN,0,), in
Chloroform,

If the isotopes of uranium are to be separated by a process based on an
exchange reaction, it is required that there be a free interchange of the
uranium atoms. In the case under consideration this exchange must take place
between the U*? ions in aqueous solution and uranous cupferride in chloroform.

A convenient way of checking for exchange is by the use of tracers. It is
obvious that if a system is prepared in which the 1j*4 ion is represented by
uranium of higher alpha activity than the uranium of the cupferride complex, and
exchange does take place, there will be an increase in the alpha activity of the
complexed uranium and a corresponding decrease in the U**%,

An experiment utilizing this principle was carried out as follows: stock
solutions equal in uranium concentration of U +4(U *4 has been tagged, the akpha
attivity 1is 22 counts/min./microgram) and AL (U+4 is pure U238 having an alpha
activity of 0.4 c¢/m/microgram) were made up. Equal volumes of these solutions
were 50% extracted by adding 2.5 moles of cupferron per mole of uranium and a
volume of chloroform equal to that of the aqueous, then agitating several
minutes. The phases were then- separated and 10.0 ml of the chloroform solution
of U(C6H N 02& was added to 10.0 ml of 0*4 {aqueous). This system was then
agitated and aliquots were withdrawn from the water and chloroform phases at

noted times for the determination of the activity of the uranium. These results
are to be found in Table B-1.

TABLE B-1
Exchange of Uranium Between U'* and U(C (1N 0,),
Phase Sample time Uin 1.0 ml | Counts/min./ml ¢/m/microgram
Seconds Micrograms
Aqueous 0 22.0
30 1190 19660 16.5
60 1260 14820 11.8
120 1135 16100 14.2
CHCI, 0 0.4
30 1055 5850 5.5
60 1110 9960 9.0
120 1085 9230 8.5

These results indicate that equilibrium should be established in this
system in a matter of one to two minutes. This time is adequate for the '"batch™
systems which were always agitated at least fifteen minutes.

-\
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APPENDIX C

Rate of exchange of Uranium Between U** and U02+2 in Dilute Acid Solution,

By the use of tracers a study of the exchange of uranium between U** and
UO.*? in dilute HCl has been made and reported in detail eslewhere. It was found
that if the reaction is represented as

k
0 ks oy
——
U+té + U02+2 U+4 + &02+2

[+] *
where U*4 has a low alpha activity, and U** has a high alpha activity, the
reaction rate constant is represented by

1 |, A(BBR)
t(A+B) © "B(A-BR)

when t = time in seconds

Moles per liter of U as 00,*?, ¢t =0

A
B

o
Moles per liter of U as U, ¢ =0

*
+4 .
R = 9 at time = t
U+4
In the case of our batch experiments the concentration of A = B, therefore, the
rate equation reduces to

1 (1 + R)
ln —M—
t 2A (1 - R)

From this equation it is seen that R approaches a value of unity as t approaches
infinity. Since all values in the above equation are known with the exception of
R for our systems, an extimation of the completeness of the exchange may be made
by solving for R.

A typical "batch" contained 2% of uranium in the form of each ion.

A =-§%%- = ,084 mole 2A = .17 mole

the time for standing was at least an hour, t = 60 x 60 = 3600 sec.,
the temperature was 28°C, pH = 1.5, and K = 2.1 10°2 (from the report Y184).
Solving for R

1 1+R
3600 x .17 1-R

It
—
=}

2.1 x 1072

12.85 = in Lt R
1 -R




Sin@RE=T St

3.808 x 10°(1 - R) =1 +R

(3.808 x 105 + 1) R = 3.808 x 105 - 1

3.808 x 105 -1
3.808 x 105 - 1

X

1

This indicates sufficient time has been allowed for the systems to come to
equilibrium.
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APPENDIX D

Exchange of Uranium Between U09*2 and U(Cy04)g.

In the runs which made use of the Ut «— U02+2 exchange reaction, the utd
was recovered by .precipitating with oxalic acid after enough HCl had been added
to make the solution 3N HCl. Other work had shown that exchange of uranium
between the oxalate precipitate and U02+*2 ion in a 3N HCl solution was unlikely.

The possibility was checked, however, by tracer technique.

Two uranium solugions were prepared using different activities of uranium.
One of these was 4% Ut4 in 3N HCl (a activity 0 =0.4 C/M/y); the other was
4% 602*2 in 3N HCl (a activity U = 22C/M/y). Systems were made up by combining
equal aliquots (5.0 ml.) of these solutions. A precipitation of the U*4 was then
carried out by adding a 5% excess (over theory) of oxalic acid. The precipitate
in contact with the U02+ solution was mechanically agitated for a known time at
the end of which the U (Cy0,), was filtered off, washed, dried and ignited to
U304 for weighing. The U;O4 was then dissolved in HNO; and two aliquots plated
to determine the a activity. Results appear in Table D-1.

TABLE D-1

Exchange of Uranium Between U(Cy04)9 and U02+2 in 3N HCl

we. (g.) . we. (g.) Activity of
MI1. 1.
System 041% h.i ?26 Oxalic Acid Time U30g from U from U(Cy0,4)4

v U0, Added (Hours) |y (Cy04) /My
.37
1 5 - .222 1.5 .1798 .40
. 40
2 5 5 222 1.5 .1793 ‘g3
: .33
3 5 5 .222 23.5 . 1798 43
.42
4 5 5 . 222 52.0 . 1795 42

The uranium from the oxalate precipitate showed no increase in activity after
fifty two hours. It is concluded that no exchange of uranium takes place between

U02+ and U(C,0,), precipitate in 3N HCI.

T T T = = © s e, s 4y
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APPENDIX E

STATISTICAL ANALYSIS OF ISOTOPIC EXCHANGE DATA: by W. M. Leaders

Data were obtained from experiments involving 9 stages of enrichment and
depletion. Data comprise 103 analyses at various stages and all points are
plotted in the graph attached (Figure 1).

Based on the following assumptions:

1. A straight line relationship will be a very close approximation to
.the true relationship when the given number of stages is small,

2. The initial concentration of U235 is known to be 0.7052%,

3. The results obtained at any given stage are distributed normally
around the best line,

the data have been treated to determine the slope of the best line according to
the general formula

y Tax + b (1)
where x = stage number
a = slope of the line
b = known starting concentration of U235 = (,7052% = the y intercept.

The best line has the following characteristic, if the data are distributed
according to assumption 3 above, namely, the sums of the squares of the devia-
tion from the best line is a minimum. This can be expressed as follows:

2 (y, - y)? is a minimum.
Substituting the calculated value of y = ax + b, we have
- - 2
2 (y, = ax = b) or
S (y,? - 2axy, - 2by, + 2abx + a?x? + b?) is to be minimized.
In order to minimize this expression we take the first derivative with

respect to the only variable, namely, a; since all other values are either known
constants or obtainable from the data. Thus

d/da X (yoz-'2axyo - 2by, + 2abx + aZx? + b?) = 0 (2)
or
3-2xy, + 22bx + S2ax? = 0 (3)
Solving for "a', we have
>xy, - 2b
a =Yg T &PX ( 4)
Sx?

in which we have "a' in terms of the data obtained from the experiment.

e ” SEORET
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The result obtained indicates the best value of a = 0.000439. Therefore,
the equation for the best line is:

y = 0.000439 x + 0.7052 (5)

Having determined "a!, we are now interested in the variance of "a" so that
confidence interval statements concerning the true value of "a" may be made.

There are two theorems which must be used to determine the variance of "all.
First: A linear combination of normal populations is a normal population, and,
second: if

w=23c. 2. (6)
then, where the z, terms are uncorrelated
$ .2
V{w) =.Zlci V(z;) (7)
1=

where V(w) and V(z) mean the variances of the respective quantities.

From equation ( 4 ) above

_ Zxy, — 2bx

a (4)
Sx?
or
_ 32Xy, Sbx
a = -
2&2 zkz
and the variance of "al¥ is
. [2xYy, bx
V(a) = V[sz ] +V >z } (8)

However, since b is a constant and the x values are known absolutely, the
variance of the second member of the right hand term of equation ( 8 ) is zero.
Equation ( 8 ) may be written

V(a) = V[xlyl toxyy, Foreerrect ot xnyn]
a =

x2

and 1f we let

1 _ X2
sx2 Sl 0.2 Cg i

we have

V(a) = V(5 e;y;)
the terms of which are identical in form to equation ( 6 ). Now, therefore, from
the second theorem above we know

V(a) = £l V(y) ’

but the best estimate of the variance of y is the sum of the squares of the
deviations of y about the computed line divided by one less than the number of

* g ok Py
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data points, or
2yy - y)?

V(a) = 5 ¢2
i=1] * n -1
where
Sx? 1
2 = -
2 cf (5x2)?  3x?
therefore,
Sy, = y)2
- V{a) =
¥ s - 1)
or
, Sy, = y)?
S = —/——
2x%(n - 1) €9
substituting
y = ax + b
2y = ax - b)?
S2a =
Sx%2(n - 1)

Z(yg = 2axy, = 2by, + 2abx + a?x? + b?)
Sx%(n - 1)

S%25 =

this expression still involves quantities not given in terms of the original
data, namely,"a" and "a2", However, using equation ( 4 ) we can eliminate all
"a" and "a?" terms and arrive at
(Sxy - bZx)?
2 o 2 .
2yg 2b%y_ + nb Sx?

2, =
5'a SxZ(n - 1 (10

we thus have an equation for the variance of"a" in terms of the original. data.

Making the summations indicated in equation ( 10 ) we obtain

S%a = 0.052755 X 108
S(a) = 0.2297 X 10°4
S(a) = 0.000023

We now have all the values needed to make confidence interval statements
concerning the slope of our line. By interpolating in the "t" tables between
60 and 120 degrees of freedom, which are given, we find for the data in hand,
namely, 103 experimental points, that when

P=490.05 : t =1.99

P 0.001 : t 3.375
Thus the 95% symmetrical C.I. on %"a! is

(0.000439 + 1.99(0.000023))

v acamedt
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or

(0.000484 ; 0.000393)
The 99.95% one sided interval placing a minimum value on "a" 1is:
99,95% C.I. a> 0.000361

There is a simple relationship existing between a (the enrichment factor)
and the slope of our line, "a", as determined above; a close approximation of
this relationship 1is:

0.7052 + a

a = 1
0.7052 - a G

by substituting the calculated value of "a' we can determine a, or
best single value of a = 1.001246

To determine the variance of a we proceed as follows:

_ 0.7052 + a
* " 0.7052 - a (1
as the first approximation of a, or
a = f(a) (12)

Actually what we have determined by the calculations described above, are
values of "a" and a which may and probably do differ from the true values.

This difference from the true value may be expressed thus:

ay a t Aa
a; = a + Aa
where a, and a, are the determined values, or we have
a + 0o = f(a t+ Aa) (13)

subtracting ( 12 ) from ( 13 ) we have

Do = f(a + Da) - f(a)

by expanding f(a + Aa) in a Taylor series we have

Ao = f(a) + f£'(a)ha + f"(a)ha? + cecvece —f(a)
2!

or if we neglect as insignificant all terms containing Aa? or higher power, we
have

Do = f£(a)ha

Now if we sum the squares of all the terms and divide by n = 1, we obtain

65
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S Aa?  S(f'(a))2ha?

n -1 n -1

this is equivalent to

V(a) = £'(a)?V(a) ( 14)

From equation ( 14 ) we can now determine the variance of a by inserting
the known variance of "a" previously calculated (equation 10) and the first
derivative, f’(a), therefore,

(0.7052 + a) - (0.7052 - a)(-1)32

V(e) = [ (0.7052 - a)2 ‘l Vie)
2(0.7052) 2

Vie) = [ (0.7052)% - 2(0.7052)a + a } V(e

our previously determined values are

0.000439

a

V(a) 0.052755 X 1078

SO -

(1.4104)% X 0.052755 X 10”8
(0.4973 - 1.4104(0.000439) + (0.000439)2)?2

V(a)

thus

V(a) = S%a = 0.4254 X 10-8

0.65223 X 1074
0.0000652

Ska)
S(a)

Using this value of S(a) and the values of “t” given in the tables for our
desired probability levels, we can place confidence intervals on a. Thus by our
previous interpolation for 103 data points

P=0.05 ; t=1.99

P =0.001; t= 3.375
The 95% C.I. on a is
1.001246 £ 1.99(0.0000652)
(1.001376 ; 1.001116)

and the 99.95% one sided C.I. placing a minimum value on a is

a > 1.001026,
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APPENDIX F

Tabulation of Organic Complexing Agents Tested.
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APPENDIX G

Derivation of the Exchange Rate Constant, kl——

The exchange reaction may be represented by the equation:

k

':'024'2 + U+4 —l [.J+4 + U02+2
k) - .
The oxidation reaction by the equation:
U4 __Ez__; ﬁ02+2
yUt4 __El__9 U02+2
Let (U0,*2) = A ; (U**) =B ; at ¢ = g
(U*4) = x ; (U0,*2) =y ; at t =t
(U*4)
(Ut
a(U**) . AUt
Ut y— o o — -~ U+4).______
R ( ) dt ( dt
dt - (U*4)2
d(u**) . . ; .
1 = kl(U02+2)(U#4) - kl(U+4)(U02+2) - k, (U*4)
d(Uu**) . .
T = kl(U+4)(U02+2) - kl(U02+2)(U+4) - k, (U*4)

dR  (U™*) [k, (UO *2)(Ut*) -k, (U“)(UO *2) -k, (U**)] - (U“)[k (U+4)(U02+2) -
— vk, (U0, +2)(fte) - k, (U**)]

dt‘. [(U+4)]2
dR ) WHW0, %) k,(U*)  k (U*)2(U0,*2) Kk, (U0, *2) (%)
= k, (U0, *?) - k - - + +
de 1072 ooty (U*#) [u*4)]2 L (Uts)
kz(U+4)
C (Ut
1dR ., .
—=— = (U0,*?) - R(U0,*?) - R?(U0,*2) + R(UO, *?)
k dt
. BR = X
at time t, (U02+2) = A - x ; and (U02+2) y =-——E—--
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ST St

1 dR

— —

k1 dt

(A -x) - (BR-x) -R(BR - x) + R(A-x)

1 dR

kl dt

A+ (A - B)R - BR?

dR
IA+ (A - B)R - BR?

k,fdt =

1 -B - BR
k. t

= 1 C
1t aas P aom?t

Evaluating C at ¢t = 0, and R = 0
1 -B

In
A+B A

C:

1 A(B + BR)
= 1
1* "4+ B " B(A - BR)

1 A(1 + R)
= 1
A+B ' (A-BR)

t
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APPENDIX H

Evaluation of R

The value of R at a time t is obtained by solving simultaneous equations
derived from experimental results.

The reaction may be represented by the equation:
o +2 +4 ——> H44 +2
U0, *2 + U T 0*4 + wo,

and at time t we let

- . *
Micrograms (y) uranium present as U*4

»®
)

Micrograms (y) uranium present as U*4

[\
1]

X
then R =—
z (1)

Two milliliter aliquots removed from the system at various times (t) were
subjected to an extraction to remove the tetravalent uranium. The total uranium
thus extracted is determined colorimetrically and gives the first equation:

X + z = tetravalent uranium extracted from 2 ml of system (2)

An alpha count of the uranium is also made in order to determine its
. . . . .
activity as c/m/y. Since the activity of U is known, 21.2 c¢/m/y, and also that
of the U, 0.4 ¢/m/y, a second equation may be set up.

21.2x + .4z = total number of counts per minute of tetravalent
uranium extracted from 2 ml aliquot. (3)

The values obtained for x and z by solving equations (2) and (3) are
substituted in (1) to obtain the value of R at a known time t.
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APPENDIX K

Determination of the Ultraviolet Intensity

. from a Mercury Arc Source

Experiments described under "Effect of Light" in the main body of this
report utilized a mercury arc lamp as a source of ultraviolet light. To deter-
mine the output of this source, a uranyl oxalate actinometer (32, 33) was
employed.

The actinometer functions on the principle that ultraviolet radiation
decomposes the oxalate. A permanganate titration of the total oxalate present
before and after exposure measures the decomposition which has taken place. This
value is related to the intensity of the ultraviolet source by the quantum yield
(#) which has been accurately determined by Forbes (33) as

.6 molecule

quantum

Using the information given above, it is possible to set up this equation:

WX(Me-me) x 6.06 x 1023
equivalents 3
¢ X t X —m————— x 10
mole

(]

Output of source

where W = total weight (solution) of sample exposed

ME

number of milliequivalents/gram solution
before exposure

me = number of milliequivalents/gram solution
after exposure

¢ = quantum yield
t = time of exposure (seconds)

The table below gives the results of the actinometer runs.

Time Wt. Sol’n .0976 N Millieq.
Run Output of Source
Exposed Exposed KM, 04 used per gram
No. (&) (ml) Quantum/sec x 1015
1 10,089 7.3310 5.63 .075 13
2 8,100 8.2080 7.47 .089 11
3 10,920 9.4324 6.78 .070 18
Average = 14

It should be pointed out that the uranyl oxalate solution comprising the

actinometer was exposed in the same corex.cell and in the identical location
with respect to the ultraviolet source as used subsequently in the "exchange™

runs. ) ]

W ot 3 4
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